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SATELLITE POSITIONING SYSTEM
RECEIVER TIME DETERMINATION IN
MINIMUM SATELLITE COVERAGE

FIELD OF THE DISCLOSUR.

L1l

The present disclosure relates generally to satellite posi-
tioming system receivers, and more particularly to time deter-
mination 1n satellite positioning system receivers, for
example, in Global Positioming System (GPS) enabled cellu-
lar communications devices, and corresponding methods.

BACKGROUND OF THE DISCLOSURE

Known schemes for determining time 1n Global Position-
ing System (GPS) receivers include demodulating the navi-
gation data message modulated on the satellite carrier signal.
However, this approach requires substantial time since the
navigation data bit message 1s transmitted at a relatively low
data rate. In NAVSTAR GPS, for example, the navigation
data bit message 1s modulated at 50 bits per second (BPS).
Also, the direct time acquisition approach 1s difficult and
often not possible 1n weak signal environments, for example,
in environments where GPS enabled cellular telephones are
typically used.

Time determination approaches using a segment of the
navigation data, which 1s known through either infrastructure
broadcast or prediction, for correlation against a correspond-

ing signal segment as disclosed, for example, 1n commonly
assigned U.S. Pat. No. 6,532,251 enfitled “Data Message Bit

Synchronization And Local Time Correction Methods And
Architectures™ and 1n commonly assigned U.S. Publication
No. 2003/01875775 entitled ““Time Determination 1n Satellite
Positioning System Receivers and Methods Therefor”, can
operate at relatively low signal to noise ratios. However, these
approaches are limited to situations where time 1s 1n error by
at most a few seconds, and thus these approaches are imprac-
tical when time may be in error by more than a few seconds.

In computing a navigation position solution in a satellite
positioning system recetrver, for example, a NAVSTAR Glo-
bal Positioning System (GPS) recerver, time must be suifi-
ciently well known to guarantee convergence to the correct
solution. Where time 1s ambiguous, a su
satellites must be acquired to solve for the time ambiguity.

The various aspects, features and advantages of the disclo-
sure will become more fully apparent to those having ordi-
nary skill in the art upon caretul consideration of the follow-
ing Detailed Description thereof with the accompanying
drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an exemplary satellite recerver 1n a satellite posi-
tion system.

FIG. 2 1s an exemplary satellite time determination block
diagram.

FIG. 3 1s another exemplary satellite time determination
block diagram.

DETAILED DESCRIPTION

In FI1G. 1, a satellite positioning system (SPS) receiver 100
receives satellite signals from multiple satellites 102, 104,
106,108 . .. of an earth-orbiting satellite constellation. Exem-
plary earth-bound SPS constellations include but are not lim-
ited to the NAVSTAR GPS, GLONASS SPS and the proposed

Galileo SPS. More generally the SPS constellation may orbit
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a celestial body other than earth, for example, a moon, or
other planet. The exemplary SPS recerver 100 1s an SPS
receiver enabled wireless communication device in cellular
communication network comprising multiple base stations
120 communicably coupled to a base station controller 122,
which 1s communicably coupled to a location registers, a
public switch telephone network, a packet network and other
entities as 1s known generally by those having ordinary skill
in the art. In other embodiments, the SPS recetver 100 1s
stand-alone recerver, for example, a handheld mobile SPS
receiver, or an SPS recerver disposed 1n or on an automobile,
cartage, container, or animal, or an SPS receiver in some other
form.

In the process diagram 200 of FIG. 2, at block 210, the
satellite positioning system recerver acquires a set of satellite
positioning system satellites. Generally, in applications
where the SPS receiver knows satellite time with little accu-
racy, for example, where the accuracy 1s off more than a few
seconds or a minute or more, the receiver determines satellite
time from at least two satellite subset times. Each satellite
subset time 15 determined from a corresponding subset of the
satellites acquired. In some embodiments, depending on the
number of satellites acquired, and more particularly on the
number of satellites 1n the subset, aiding information 1s used
to compute the satellite subset times. For an over-determined
position solution, at least five satellites are required. Alterna-
tively, an over-determined solution may be obtained using
four satellites and a single degree or dimension of aiding
information, or at least three satellites with aiding 1n two
dimensions, and so on.

Exemplary aiding information includes, but 1s not limited
to, approximate position, altitude information, for example,
based on an assumption of Mean Sea Level (MSL) altitude at
an approximate position, or based on an approximate altitude
supplied as part of assistance information. Exemplary aiding
information also includes coarse time information, which
could be generated from a prior position {ix or derived from
the cellular network timing. In some embodiments, the satel-
lite time 1s determined from the satellite subset times by
combining the subset times, for example, by averaging,
examples of which are discussed further below. A new posi-
tion solution 1s then computed using the time determined
from the at least two satellite subset times. Some or all of the
satellites acquired may be used to compute the new position
solution.

In some embodiments, upon computing the time deter-
mined from two or more satellite subset times to withuin 2 a
data bit period of the satellite signal, for example, to within 12
the 20 msec NAVSTAR GPS navigation message data bit
period, the accuracy of the SPS time may be refined further
upon synchronizing the SPS recerver with the data bit period.
Time determination based on synchronization of an SPS
receiver with a periodic event modulated on an SPS signal 1s
disclosed more tully 1n commonly assigned U.S. Publication
No. 2003/01875775 entitled ““Time Determination 1n Satellite
Positioning System Receivers and Methods Therefor”, the
contents of are incorporated herein by reference. A new posi-
tion solution may then be computed using the refined time.

I1 the accuracy of the SPS time computed based on the two
or more subset times 1s not suificient for bit synchronization,
additional measures may be required to further refine the time
accuracy. In one embodiment, bit synchronization 1s used to
determine time relative to an alternative periodic event having
a less frequent repetition rate which 1s a multiple of the 20
msec data bit period as discussed 1n U.S. Publication No.
2003/0187575 entitled “Time Determination mn Satellite

Positioning System Recervers and Methods Therefor”. Use of
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less frequent periodic events, for example, use of the 8 bit
preamble, results 1n a correspondingly reduced required
accuracy lor the determined time (e.g., 80 msecs for the
preamble). A downside associated with using periodic events
which are multiple data bits 1s the requirement to demodulate
data, which can be difficult in weak signal environments.
Another alternative 1s to compute other satellite subset times
from other satellite subsets, 1t additional subsets are available.
And yet another alternative 1s to weight the multiple satellite
subset solutions.

In FIG. 2, at block 220, the SPS receiwver computes an
over-determined position solution to solve for time for sub-
sets of the satellites acquired. In one exemplary over-deter-
mined position solution computation embodiment, the SPS
receiver acquires a set of at least 6 satellite positioning system
satellites. According to this exemplary case, over-determined
position solutions and corresponding satellite subset times
are computed from the two or more satellite subsets, wherein
cach satellite subset comprises at least 5 acquired satellites.
More particularly, the satellite subset times are determined
using corresponding satellite subset pseudorange informa-
tion of the over-determined position solutions. Thereafter, in
FI1G. 2 at block 230, satellite time 1s determined from the two
or more satellite subset times. At block 240, in some embodi-
ments, the satellite time 1s further refined using bit synchro-
nization or one of the alternative schemes discussed above. At
block 250, a position solution 1s obtained using the satellite
time or the refined satellite time.

In another exemplary over-determined position solution
computation embodiment, the SPS receiver acquires a set of
at least 5 satellite positioming system satellites. According to
this exemplary case, over-determined position solutions and
corresponding satellite subset times are computed from the
two or more satellite subsets and aiding information, wherein
cach satellite subset comprises at least 4 acquired satellites.
More particularly, the satellite subset times are determined
using corresponding satellite subset pseudorange informa-
tion and aiding information. In one embodiment, the aiding
information 1s an altitude constraint on the position solution.
The altitude may be constrained to the local mean sea level
(MSL) determined from an MSL table interpolated to the
approximate position of the SPS receiver. The approximate
position may be obtained as assistance information or from a
prior position fix stored on the SPS recerver. Alternatively, the
altitude mnformation may be provided directly as assistance
information, for example, from a cellular communication
network. In embodiments where there are fewer than four
satellites 1n each subset, additional aiding information 1s
required to compute the over-determined position solution.
Thereafter, SPS time 1s determined from the two or more
satellite subset times, and a new position solution 1s computed
using the determined SPS time. In some embodiments, the
SPS time 1s further refined as discussed above. Thereatter, a
position solution 1s obtained using the satellite time or the
refined satellite time.

The number of satellite subsets from which satellite subset
times can be determined from corresponding over-deter-
mined position solutions depends upon the number of satel-
lites acquired. For example, if five satellites are available,
there are five 4 satellite subsets. In some cases there may be
many more satellite subset solutions than there are computa-
tion resources available. In NAVSTAR GPS applications, for
example, when 12 satellites are available, there are 495 four
satellite solutions, 1.€., ;,C, combinations, which 1s likely an
excessive calculation burden on the real-time soitware with
practical, present day hardware. In some instances therefore a
scheme for reducing the number of satellite subsets 1s
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required when the number of acquired satellites exceeds a
number which produces an excessive computational burden.
In the exemplary embodiment of six satellites, corresponding
to .C,, or 15 combinations wherein each subset includes 4
satellites, 1s selected as an exemplary acceptable upper limit
betore down-selection 1s performed. As noted above, for the
case where each subset includes only 4 satellites, aiding infor-
mation 1s required for an over-determined position solution
from which time may be obtained.

In the exemplary process diagram 300 of FIG. 3, at block
310, a determination 1s made as to whether an excessive
number of satellites (SVs) have been acquired. Generally, the
number of satellite subsets for which satellite subset time 1s
obtained 1f the number of satellites acquired exceeds the
threshold, for example, more than 6 satellites. In one embodi-
ment, 1f an excessive number of satellites have been acquired,
a determination 1s made at block 320 as to whether at least two
independent subsets are available. Independent satellite sets
are sets or subsets that do not share common satellites. Inde-
pendent sets are preferred because the errors associated with
cach satellite solution are statistically independent and can
therefore be easily averaged to reduce the error in the com-
posite solution, if 1t becomes necessary to combine solutions
from multiple sets. At block 330, available independent sat-
cllite subsets are selected for further evaluation.

In FIG. 3, 1f the number of acquired satellites does not
exceed the threshold at block 310 or upon selection of the
independent satellite subsets at block 330, an error variance 1s
computed at block 340 for each satellite subset time to deter-
mine whether any of the satellite subset times meet an accu-
racy threshold. If one of the satellite subset times meet the
accuracy threshold, for example, 11 the accuracy 1s less than 12
the satellite data bit period, then the subset time meeting the

accuracy threshold may be used in the position solution (or
turther refined as discussed above) without combining the

satellite subset times as discussed above 1n connection with
FIG. 2.

In one embodiment, depending upon the level of conser-
vatism desired, the error or accuracy condition 1s assured by
a one sigma timing error of the solution being less than 5
msecs (95% success probability), or less than 3.3 msecs (99%
probability). These exemplary accuracies correspond to
ensuring that the timing error 1s less than one-half of a data bat
period, which enables sub-msec accuracy when integrated
with the time associated with the nearest data bit edge. The
one sigma timing error variance 1s computed using a covari-
ance matrix of the solution:

P~(H'RH)" (1)

In Egn. (1), “H” 1s the measurement gradient matrix with
the first 4 rows corresponding to the GPS satellites and the last
row corresponding to the altitude or other aiding constraint.
For an over-determined solution without the aiding informa-
tion, for example, the exemplary altitude constraint, the last
row ol the gradient matrix corresponds to the fifth satellite.
“R’ 1s the diagonal matrix of error variances assigned to each
measurement. Use of Eqn. (1) does not require prior compu-
tation of satellite subset time based on an over-determined
position solution for each satellite subset. Hence, the accura-
cies of candidate satellite subset time solutions can be evalu-
ated without requiring that each subset time solution be deter-
mined.

In FIG. 3, at block 350, the satellite time error variances for
the satellite subsets times determined at block 340 are com-
pared to an accuracy threshold. If the accuracy of any of the
satellite subset times 1s adequate, the timing determination
process 1s complete and the satellite subset time may be used
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to compute a position solution preferably using all of the
acquired satellites at block 360. Alternatively, the satellite
subset time may be further refined, as discussed above, before
computing the position solution.

If the individual satellite subset times are not suiliciently
accurate, then the individual satellite subset times are
weighted and combined to obtain a more accurate satellite
time. In FIG. 3, at block 352, minimum variance weights are
computed for each of the satellite subset times. In one
embodiment, corresponding to independent satellite subsets,
the optimum weights are the mverse of solution error vari-
ances computed using Eqn. (1). If the process includes steps
340-350, these variances will already have been computed for
cach solution. Alternatively, simpler weighting schemes may
be used, for example, a simple average, where, 11 n satellite
subset times are available, each 1s weighted by 1/n 1n com-
puting the final time estimate. Generally, the accuracy of
alternate schemes will be degraded relative to the minimum
variance weighting scheme, but still may satisty the accuracy
constraint. At block 354, an error variance 1s assigned to the
satellite time based on the weighted subset times, and this
error variance 1s compared to a variance threshold, for
example, 2 a data bit period, at block 356. I the error vari-
ance assigned at block 354 meets the threshold requirement,
the satellite time 1s used directly to compute a position solu-
tion at block 360 or the satellite time may first be refined as
discussed above.

If independent sets have been selected at block 330 and
mimmum variance weights assigned at block 352, but the
derived satellite time does not meet the accuracy threshold at
block 356, then dependent satellite subsets must be consid-
ered. Because of the complexity associated with both the
selection and weighting of dependent satellite sets or subsets,
they are considered 1n flowchart 300 as a lower priority alter-
native. As referenced above, with six acquired satellites, a
total of 15 dependent sets of four satellites can be selected.
Because the satellite subsets have at least one satellite 1n
common, the selection of weights to achieve a minimum
variance satellite time takes on additional complexity. Under
these circumstances, the best weighting 1s generally no longer
the mverse of each satellite subset time solution’s variance.
This 1s because the error of each subset solution 1s correlated
by the common satellites. Simpler weighting schemes, such
as the simple average suggested above, will achieve little
benefit if the correlated error component dominates each
subset solution error.

The efficient selection of appropriate dependent satellite
subsets 1s non-trivial and several strategies are possible. In
one embodiment, the number of satellite 1s down-selected
based upon satellite elevation. In FIG. 3, satellites are first
rank ordered based on elevation at block 362, wherein the
highest elevation satellites are removed at block 364 until a
suificient number of dependent sets are generated at block
366. This selection approach 1s motivated by the fact that
lower elevation satellites tend to provide greater observability
of time, since 1t 1s scaled by the range rate of the satellite 1n 1ts
eifect upon the pseudo range residual. Range rates are gen-
crally larger for lower elevation satellites. For example, if
seven satellites are available (implying that there are no inde-
pendent sets), and the limit (15) has been exceeded for evalu-
ation of all dependent sets, then groups of three higher eleva-
tion angle satellites are selected for elimination until a
suificient number of sets, for example, ten satellites, have
been reached. To reach a total of ten dependent sets of three,
the highest five elevation satellites of the original set must be
considered for elimination (1.e., C;=10). Alternative,
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6

approaches to dependent satellite set generation exist and can
produce suiliciently accurate satellite times.

The exemplary weighting scheme for dependent sets
explicitly evaluates the correlation between subsets, as 1n
Eqgn. (2), and uses this information to 1ts advantage.

o ,=u'PH 'R "'RH,R, " H,Pou (2)

where subscripts 1 and 2 denote two separate dependent
solution set values, u’=[0 0 0 1] is a unit vector that extracts
the correlations for timing error, and R, denotes the error
covariance matrix across the two dependent sets of pseudo
range measurements.

The1mportance of the correlation matrix above in selecting,
optimum weights can be 1illustrated by a simple example
where there are two timing solutions, with error variances
0,°, and 0,°, and error correlation o, . It can be shown that
the optimum weights w, and w,, are given by:

(3)

. 2 2
w1=(05"=05)/(0"=205+057)

(4)

For 0,°=20,> and uncorrelated sets (i.e., o,,=0), the opti-
mum weights are 15 and 24, respectively. However, as the
correlation coetficient between the timing estimates, p, varies
from 0.1 (lightly correlated) to 0.9 (strongly correlated), the
optimum weights vary significantly, as illustrated 1n Table 1
below.

2 2 2
Wo=(0 " =05)/(0"=205+057)

TABL.

1

(Ll

Variation of Optimum Weights and Performance with Correlation

Normalized
Solution Error

Normalized Variance (using
Correlation Solution Error independent
Coefficient W Wy Variance set weights)
0.1 0.32 0.68 0.73 0.73
0.5 0.18 0.82 0.95 0.97
0.9 -0.6 1.6 0.84 1.22

An optimum weight can become negative when the corre-
lations approach unity, implying that the combined estimate
1s subtracting out a component of the correlated error com-
ponent. It 1s that case which exhibits the most improvement
(roughly a 30% accuracy improvement).

Finally, 11 the combined dependent set timing estimate
cannot meet the accuracy requirement at 368, then the process
terminates and alternate means for time determination must
be considered i 370, including consideration of alternate
periodic events, and attempting to acquire more satellites to
support a second attempt at time determination.

While the present disclosure and what are presently con-
sidered to be the best modes thereotf have been described in a
manner establishing possession by the inventors and enabling
those of ordinary skill 1n the art to make and use the same, 1t
will be understood and appreciated that there are many
equivalents to the exemplary embodiments disclosed herein
and that modifications and varnations may be made thereto
without departing from the scope and spirit of the inventions,
which are to be limited not by the exemplary embodiments
but by the appended claims.

What 1s claimed 1s:
1. A satellite positioming system recerver, comprising:

a satellite signal recerver;
a controller coupled to the satellite signal recetver,

the controller configured to determine time from at least
two satellite subset times,
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the satellite subset times obtained based on over-deter-
mined position solutions for at least two different sub-
sets of satellites acquired by the satellite signal recerver.

2. The receiver of claim 1,

the controller configured to determine a satellite subset
time for at least two satellite subsets, each satellite sub-
set comprising at least five of a set of six satellites
acquired by the satellite signal recerver, and

the controller configured to determine time from at least
two of the satellite subset times.

3. The receiver of claim 1,

the controller configured to determine a satellite subset
time for at least two satellite subsets using correspond-
ing satellite subset pseudorange mformation and using
aiding information, each satellite subset comprising four
of a set of at least five satellites acquired by the satellite
signal recerver, and

the controller configured to determine time from at least
two of the satellite subset times.

4. The receiver of claim 3, the controller configured to
determine satellite subset time for at least two satellite subsets
using corresponding satellite subset pseudorange informa-
tion and using receiver altitude information.
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5. The recerver of claim 1 the controller configured to
determine time from at least two of the satellite subset times
by combining the at least two satellite subset times.

6. The recetver of claim 1, the controller configured to
determine a location of the satellite positioning system
receiver using all acquired satellites after determining time.

7. The recerver of claim 1,

the controller configured to cause the satellite signal

receiver to acquire a number of satellites from which a
plurality of satellite subset times may be computed from
corresponding subsets of the satellites acquired,

the controller configured to reduce a number of satellite

subsets for which satellite subset time 1s obtained 11 the
number of satellites acquired exceeds a threshold.

8. The recerver of claim 7, the controller configured to
prioritize satellite subsets sharing fewer common satellites
over prioritizing subsets sharing more common satellites
when reducing the number of satellite subsets.

9. The recewver of claim 1, the controller configured to
determine a refined time based on synchronizing the satellite
positioning system recerver with periodic satellite data if an
accuracy of the time determined from at least two satellite
subset times 1s less than the period of the periodic satellite
data.



	Front Page
	Drawings
	Specification
	Claims

